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Recent developments in bigravity allow one to construct consistent theories of interacting spin-2
particles that are free of ghosts. In this framework, we propose an elementary spin-2 dark matter
candidate with a mass well below the TeV scale. We show that, in a certain regime where the inter-
actions induced by the spin-2 fields do not lead to large departures from the predictions of general
relativity, such a light dark matter particle typically self-interacts and undergoes self-annihilations
via 3-to-2 processes. We discuss its production mechanisms and also identify the regions of the
parameter space where self-interactions can alleviate the discrepancies at small scales between the
predictions of the collisionless dark matter paradigm and cosmological N-body simulations.
I. INTRODUCTION
Multiple astrophysical and cosmological observations
provide strong evidence for the existence of dark mat-
ter (DM). Nevertheless, as of today, we remain agnostic
of its particle nature. In particular, we do not know its
spin. Several theories containing DM particles with spin
0, 1/2 and 1 have been constructed as it is well known
how to properly describe them by following the success
of the Standard Model (SM) of particle physics [1]. This
is in sharp contrast with the case of spin-2 particles. In
fact, until very recently it was not possible to consis-
tently study the interactions of such particles due to the
presence of Boulware-Deser ghosts in all known theories
of interacting massive spin-2 particles [2]. Bimetric the-
ories of gravity, also known as bigravity, have recently
overcome this difficulty [3–5]. For a review of these de-
velopments, see Ref. [6]. All this motivates us to further
explore the possibility that DM is an elementary particle
of spin-2 in the context of bigravity. Such scenarios have
been first considered in Refs. [7–9] (see also [10]).
A crucial observation that we would like to highlight
in this article is that, in such bimetric theories, the spin-
2 DM particle naturally self-interacts. Concretely, the
strength of the interactions among massive spin-2 parti-
cles is inversely proportional to powers of their portal to
the SM sector, which is typically small in order to recover
the predictions of general relativity (GR), as illustrated
in Fig. 1. As we will see, the fact that spin-2 DM self-
interacts has at least two interesting phenomenological
consequences.
On the one hand, because of the smallness of the por-
tal to the SM sector, spin-2 DM cannot reach kinetic
equilibrium with the SM bath in the early Universe. In
fact, it cannot efficiently annihilate or decay into SM par-
ticles either. Accordingly, DM cannot be produced via
the standard freeze-out mechanism. Nevertheless, it can
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Figure 1: The portal communicating the spin-2 DM particle
δM to the SM fields is proportional to α, whereas its self-
interaction vertices are inversely proportional to powers of α.
be produced via freeze-in when the self-interactions are
small [11, 12], either at the end of inflation or during pre-
heating/reheating periods, as originally pointed out in
Refs. [7–9]. In each case, Cosmic Microwave Background
observations put upper bounds on the isocurvature per-
turbations, the gravitational-wave energy spectrum, and
the reheating (RH) temperature TRH, strongly disfavor-
ing the low-mass region of spin-2 DM. For instance, if
DM is nonthermally produced from the feeble portal in-
teraction to SM particles during reheating, the bound on
TRH leads to the DM masses roughly above 1 TeV [7, 8].
In contrast, as proposed in this work, one more produc-
tion mechanism naturally arises for light spin-2 DM when
its self-interactions are sufficiently large. The latter, if
strong enough, lead to a thermalization of the dark sec-
tor after it is produced from annihilations of SM particles.
Then, the relic density is set by the freeze-out of 3-to-2
processes in a dark bath colder than the SM particles.
Such a possibility of generating the DM abundance via
number-changing processes have been widely studied in
the literature [13–33]. All this opens up the possibility
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2of having thermal spin-2 DM below the GeV scale.1
On the other hand, for some regions of the parame-
ter space, the self-interaction cross section in DM halos
can be as large as 1 cm2/g. In fact, while there is no
conclusive evidence suggesting that DM particles scatter
off each other, N-body simulations of collisionless DM
fail to properly describe small-scale DM-dominated ob-
jects such as the dark (sub)halos that host dwarf or low-
surface-brightness galaxies [38–41]. Interestingly, postu-
lating the existence of DM self-scatterings in these ob-
jects provides a plausible solution to these problems [42].
For a recent review of these small-scale anomalies as well
as of models of self-interacting DM, see Ref. [43]. In view
of this, we will also investigate the parameter space where
the strength of the spin-2 DM self-interactions is enough
to alleviate such small-scale problems.
This article is organized as follows: in Sec. II we pro-
vide a brief introduction to the ghost-free bimetric the-
ory, when the massive spin-2 particle it predicts plays the
role of DM. In Sec. III we discuss DM self-interactions.
Production mechanisms for our self-interacting DM can-
didate are presented in Sec. IV. Finally, we conclude in
Sec. V. Appendix A is devoted to the details of the self-
interaction cross section for massive spin-2 particles.
II. SPIN-2 DARK MATTER
Any spin-2 particle with no other quantum numbers
generally mixes with the graviton of GR. Since the latter
is described as perturbations of the space-time metric, it
is natural to assume that a theory with two metrics, fµν
and gµν , will describe two spin-2 states. In fact, this is
the case of bimetric theories, which are described by the
action2
S = m2g
∫
d4x
(√−gR(g) + α2√−fR(f)
−2α2m2g
√−g V (S;βn)
)
+ Smatter . (1)
The first and second terms in this equation are the
Einstein-Hilbert (EH) actions for the metrics f and g, re-
spectively. Notice that the α parameter is a ratio between
the couplings associated with these tensor fields. The
third term then describes the interactions between both
metrics. This part of the action is determined [44, 45]
by requiring no Boulware-Deser ghosts [2]. There, βn
stands for five coupling constants and S is the square
root of g−1f , that is SρσSσν = gρµfµν . The potential
1 By analogy with the axion, “the misalignment mechanism” [34–
36] has also been invoked [37] very recently in order to generate
the observed abundance of light spin-2 DM. It applies to DM
lighter than O(0.1) eV, being different from the keV–GeV mass
range of interest for self-interacting DM.
2 In this work, we closely follow the notations of Ref. [8].
reads
V (S;βn) = β0 + β1 S
µ1
µ1 + β2 S
µ1
[µ1S
µ2
µ2]
+β3 S
µ1
[µ1S
µ2
µ2S
µ3
µ3] + β4 detS . (2)
Such a potential exhibits the symmetry
√−gV (S;βn) =√−fV (S−1;β4−n) and therefore the gravitational action
is symmetric under the exchange of the two metrics to-
gether with α↔ α−1 and βn ↔ β4−n. Nevertheless, this
is not the case for the matter action, which may only
minimally couple the matter fields to one of the metrics
in order not to introduce ghosts (see [6] and references
therein). Without loss of generality, we thus have
Smatter =
∫
d4x
√−gLmatter(g,Φ) , (3)
where Φ is a generic field of the Standard Model.
Spin-2 particles can be considered as linear fluctua-
tions of f and g around the same background metric g.3
Concretely, the decomposition is given by [5]
gµν ≡ gµν + hµν , fµν ≡ gµν + `µν , (4)
where the fields h and l mix with each other. From
Eq. (1) it follows that the corresponding spin-2 mass
eigenstates, δG and δM , can be obtained via the trans-
formation
hµν =
1
mg
√
1 + α2
(δGµν − αδMµν) , (5)
lµν =
1
mg
√
1 + α2
(
δGµν + α
−1δMµν
)
, (6)
where the parameter α determines the mixing between
the linear fluctuations h and l. Note that each of the
two tensors has one mass dimension. The linear and
quadratic pieces of the action (1) in terms of these fields
are
S ⊃
∫
d4x
√
−g (LΛ + LEH2 (δG) + LEH2 (δM)
−m
2
FP
4
(
tr(δM2)− tr(δM)2)
− 1
mPl
(δGµν − αδMµν)Tµν
)
, (7)
where the indices are raised and lowered with the back-
ground metric, mPl is the Fierz-Pauli mass associated
with the field δM, and mPl is the reduced Planck mass.
Here, LΛ includes terms involving the cosmological con-
stant, which is given by
Λ = α2m2g(β0 + 3β1 + 3β2 + β3) (8)
3 In general, the background solutions only need to be proportional
to each other, but the proportionality constant can be absorbed
by redefining the α and the βn parameters, as adopted here.
3= m2g(β4 + 3β3 + 3β2 + β1) . (9)
Also, LEH2 is the kinetic term for spin-2 particles as de-
rived from the EH action (see Eq. (A2)). In addition,
there are
mPl ≡ mg
√
1 + α2 , (10)
mFP ≡ mPl
√
β1 + 2β2 + β3 , (11)
Tµν ≡ − 1√−g
∂(
√−gLmatter)
∂gµν
. (12)
Lagrangian terms for δM beyond the quadratic level of
Eq. (7) are presented in Appendix A, which also lists the
vertices of Fig. 1 and those giving rise to the process of
Fig. 2.
Many comments are already in order at this stage:
• The action in Eq. (7) describes two spin-2 parti-
cles. One of them, δG, is massless and is thus the
graviton. The other particle, δM , is described by a
Fierz-Pauli Lagrangian [46] and is therefore a spin-
2 particle with mass mFP.
• Both the cosmological constant and the mass of
the spin-2 particle are determined by the coupling
constants βn. As noted in Refs. [7, 8], a hierar-
chy between both scales necessarily requires one to
tune such constants. We will not address this issue
in this work and simply assume that the cosmo-
logical constant takes the observed value and that
the spin-2 particle mass lies above O(1) MeV. As a
result, for calculations concerning DM particles, it
is a good approximation to assume that the back-
ground metric is flat.
• Both fields couple to the energy-momentum tensor
associated with the metric g, as given by Eq. (12).
Moreover, the coupling of the graviton to Tµν de-
fines the reduced Planck mass in Eq. (10). With
this, the coupling associated with the massive spin-
2 particle is α/mPl. Thus, the interaction between
the dark and the SM sectors is mediated by the
gravitational portal times the coupling constant α
(see Fig. 1).
Since this theory modifies conventional GR, the laws
of gravity generally change. One must therefore ensure
that the corresponding predictions are in agreement with
those of GR at the scales where the latter has been tested.
The simplest way to achieve that is by assuming α 
1 [5]. In this way, the gravitational interactions mediated
by the tensor δM are much weaker than those associated
with the graviton. For more detailed discussions, we refer
the reader to [8].
Interestingly, for α  1, the massive spin-2 particle
cannot decay or annihilate into SM particles at an ap-
preciable rate, as Fig. 1 suggests. In fact, it has been
shown [8] that its lifetime is given by
τδM ≡ 1
Γ(δM → SMSM) ∼
80pim2Pl
α2m3FP
, (13)
δM
δM
δM
δM
δM
Figure 2: 3-to-2 annihilation process of spin-2 DM particles.
which can be much longer than the age of the Universe.
Furthermore, as shown in Refs. [7, 8], Eq. (1) implies that
the vertex δGδGδM is zero. From this, it follows that
the δM boson cannot decay into two gravitons either.
Hence, for feeble values of α, the massive spin-2 is stable
on cosmological scales, and thus can serve as an excellent
DM candidate.
III. SELF-INTERACTIONS
The gravitational part of the action in Eq. (1) treats
both metrics g and f (or equivalently, h and l) symmet-
rically. Moreover, in the limit α  1, Eqs. (5) and (6)
give
hµν =
δGµν
mPl
+O(α1) , lµν = 1
α
δMµν
mPl
+O(α0) . (14)
Therefore, loosely speaking, we can say that the self-
interactions of the DM field, δM , are the same as those
of graviton, δG, but enhanced by powers of 1/α. On the
other hand, the interactions of the δM boson with the
SM fields are suppressed by α in comparison with the
interactions of the graviton δG. We can conclude that
bimetric theories provide a natural framework for self-
interacting DM of spin-2 in the decoupling regime where
gravitational laws do not significantly deviate from those
of GR.
In order to be more precise, we present the vertices in-
volving three and four δM bosons to the leading order in
α in Appendix A. We find that the cubic and the quartic
vertices are proportional to α−1 and α−2, respectively.
With them, we calculate the two-body self-interaction
(SI) cross section for nonrelativistic DM as determined
by the vertices shown in Fig. 1,
σSI =
(β1 + 2β2 + β3)
2
piα4m2FP
F
(
β1 − β3
β1 + 2β2 + β3
)
, (15)
where F is a dimensionless polynomial expression, ex-
plicitly given in Eq. (A9). We would like to remark that
vertices involving δG do not contribute to the cross sec-
tion at the leading order in α.
The appearance of the small parameter α in the de-
nominator legitimately raises the question of the valid-
ity of the perturbative expansion for calculating scatter-
ing rates. This issue has been systematically studied
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Figure 3: Left : parameter space for self-interacting spin-2 DM when β1 = β3. The color gradient corresponds to the required
reheating temperature TRH to produce the observed relic abundance. The left gray region, corresponding to TRH ≥ 1016 GeV
is considered to be strongly disfavored. The nonperturbativity region is given by αmPl ≥ mFP. Right : white region shows the
DM mass range of interest as a function of r to address small-scale problems (i.e., σSI/mFP ≥ 0.1 cm2/g) while being allowed
by perturbativity requirement (e.g., the r = 0 vertical line corresponds to the purple line in left panel). All hatched regions
have been excluded in both panels.
in Ref. [8]. They found that, for processes with typi-
cal energy E, the perturbativity condition is given by
E <∼ αmPl. In the case of self-interactions of nonrela-
tivistic DM, the typical energy is just the DM mass. In
our case, such a condition is then
α2 >∼ m2FP/m2Pl = β1 + 2β2 + β3 . (16)
Regarding the current experimental limits on σSI, the
nonobservation of an offset between the mass distribu-
tions of DM and stars in the Bullet Cluster sets an upper
bound on the self-interacting cross section, σSI/mFP <
1.25 cm2/g at 68% C.L. [47]. Moreover, recent N-body
simulations suggest that this value must not be much
larger than 0.1 cm2/g at cluster scales to fit the mea-
sured density profile of cluster Abell 2667 [48]. On the
other hand, it has been also pointed out that the an-
gular dependence of the cross section might affect the
observable consequences associated with the DM self-
scattering [49]. For the purpose of this work, we will
not further discuss this, and simply take a practical con-
straint σSI/mFP < 1 cm
2/g below, in our numerical cal-
culations. The region where this constraint is satisfied is
shown in the left panel of Fig. 3, in the plane of α vs.
mFP, for benchmark parameters such that β1 = β3. In
the same panel, we also show the perturbativity condi-
tion (above the red line) as given by Eq. (16).
As mentioned in the Introduction, self-interacting DM
can alleviate some of the tensions between observations
and simulations that persist in the collisionless DM
paradigm at small scales. As recently summarized in [43],
cosmological N-body simulations suggest that a plausible
solution is found if there exists DM self-interaction at the
order of
σSI
mFP
∼ 0.1− 1 cm2/g . (17)
The region where this condition is fulfilled is depicted
in left panel of Fig. 3 in between the (nearly horizon-
tal) purple and blue lines for β1 = β3. Notice that the
perturbativity bound, being fixed by α and mFP, is the
same for a different choice of β1 and β3, while the lines
corresponding to constant σSI/mFP move up or down ac-
cording to the value r = (β1 − β3)/(β1 + 2β2 + β3). This
is illustrated by the dashed-dotted red line in the right
panel of Fig. 3, which gives the intersection between the
line associated with the perturbativity bound and that
for which σSI/mFP = 0.1 cm
2/g.
We conclude that, for β1 = β3, the DM mass must be
below roughly 30 MeV if the small-scale problems are ad-
dressed by our spin-2 DM candidate. For general choices
of βi, the upper bound on mFP can be read from the
right panel of Fig. 3. Unsurprisingly, the mFP value of
most interest is about tens of MeV, which is usually the
case for self-interacting DM without light mediators.
We would like to remark that, in the present model,
the self-interaction cross section for nonrelativistic DM is
independent of the DM velocity. Reference [50] has found
that observations prefer a mildly velocity-dependent
cross section if the hypothesis of self-interacting DM cor-
rectly accounts for the small-scale problems discussed
above. If such a velocity dependence is confirmed by fur-
ther investigations, the present model would be strongly
disfavored as a solution to the small-scale problems.
5IV. PRODUCTION MECHANISM
Throughout this work, we assume that DM is domi-
nantly produced by the transfer of energy from the SM
bath to the DM sector during reheating. After the energy
transfer becomes suppressed, both sectors completely de-
couple. How the dark sector evolves thereafter depends
on the strength of DM self-interactions, which are dis-
cussed in the following paragraphs.4
Freeze-in. This mechanism was first considered for
spin-2 DM with negligible self-interactions in Ref. [8].
The Boltzmann equation describing the produced DM
abundance, i.e. the ratio of DM number density, nDM,
to the total entropy density s, is
dY
dz
=
s
Hz
Y 2eq〈σv〉DM↔SM , (18)
where H is the Hubble rate, Y ≡ nDM/s and z ≡ mFP/T .
Also, Yeq ≡ neq(mFP, T )/s represents the thermal abun-
dances of DM as a function of the photon temperature
T . The abundance quickly reaches a constant value Yf ,
and the relic density is then given by
ΩDM =
Yf smFP
ηBnγmp
× ΩB
' 0.12
h2
(
Yf
4.38× 10−10
)( mFP
GeV
)
, (19)
where mp is the proton mass, while ΩB and ηB are the
baryon mass parameter and baryon-to-photon ratio, re-
spectively. Cosmological parameters measured by full-
mission Planck data [52] have been adopted to obtain
the last equality.
For spin-2 DM, the energy transfer mainly takes
place via annihilations of SM particles into DM pairs.5
The corresponding cross section scales as 〈σv〉DM↔SM ∼
T 2/m4Pl [8]. Notice that the α dependence cancels in the
cross section. For instance, the s-channel exchange of δM
in the annihilation processes have one vertex proportional
to α/mPl and the other proportional to 1/(αmPl). The
annihilations are thus more efficient at early times, so
that the production process is determined by the reheat-
ing temperature, TRH. Integrating the lhs of Eq. (18)
over z gives
Yf '
(
36
√
2 ξ(3)2
pi11/2
√
g∗
)(
TRH
mPl
)3
' 0.013
(
TRH
mPl
)3
, (20)
where g∗ is the total effective degrees of freedom at re-
heating, and the Riemann zeta function ξ(3) ' 1.202.
4 See Ref. [51] for a comprehensive study of various production
mechanisms of self-interacting dark matter candidates.
5 The inverse-decay channel SMSM → δM is negligible due to
phase-space suppression for parameter regions considered here.
By plugging this and the observed DM relic density into
Eq. (19), one obtains mFP ∼ 1 TeV
(
1015 GeV/TRH
)3
.
As Fig. 3 suggests, unless we choose unphysically large
values for the β parameters, such DM masses lead to
σSI/mFP  0.1 cm2/g. This means that DM self-
interactions are irrelevant, as already implicitly assumed
in the freeze-in regime [53].
Dark freeze-out. As mentioned in previous sec-
tions, self-interactions can be important for light DM
and must be taken into account for calculating the relic
density. In fact, after being produced from annihila-
tions of SM particles, DM self-thermalization would nat-
urally take place for sufficiently light DM. Furthermore,
as a consequence of the chemical equilibration processes
shown in Fig. 2, the total DM number density increases
at the price of reducing the kinetic energy per particle
compared with the freeze-in regime above.
Hence, here we consider a scenario where a thermal
bath of spin-2 DM particles–characterized by the DM
temperature T ′–is produced after the energy-transfer
from the SM sector stops and where the freeze-out of the
3-to-2 annihilation processes leads to the observed DM
abundance. Describing such a physical system requires
two Boltzmann equations. One of them determines the
energy transfer by tracking the energy ratio between two
sectors, ρ′/ρ. This reads
d(ρ′/ρ)
dz
=
s2
Hzρ
Y 2eq〈σv ·∆E〉DM↔SM , (21)
where the pair-creation cross section, weighted by en-
ergy transferred per process ∆E, can be estimated by
T 2/m4Pl×2T . Correspondingly, after the effective energy-
transfer process decouples, the density ratio roughly ap-
proaches a constant, namely ρ′de/ρde. Then this ratio
remains the same (up to decoupling of heavy SM parti-
cles) while the DM particles are relativistic, even after
they thermalize. Integration of Eq. (21) gives ρ′de/ρde,
which can be used to calculate the temperature of the
DM sector via
T ′
T
=
(
ρ′de/g
′
∗
ρde/g∗
) 1
4
'
(
24
√
2 ξ(3)2
√
g∗
pi11/2g′∗
) 1
4 (
TRH
mPl
) 3
4
,
(22)
where the dark relativistic degrees of freedom g′∗ = 5 for
massive spin-2 particles. From now on, we will denote
the prefactor in the last term as η1/4 to simplify the ex-
pressions below. Numerically, η ' 0.187 if there are no
other new particles. Note that the value of T ′/T is always
very small, so the extra radiation bound from observable
primordial abundances is automatically satisfied.
The second Boltzmann equation describes the evolu-
tion of the DM number density
dY
dz
=
s
Hz
{
Y 2eq〈σv〉DM↔SM − sY 2(Y − Y ′eq)〈σv2〉3→2
}
,
(23)
6in which Yeq is the same as above, and Y
′
eq =
neq(mFP, T
′)/s, giving the abundance of DM chemical
equilibrium corresponding to T ′. In addition, σv2 stands
for the cross section associated with the 3-to-2 process,
which chemically equilibrates the dark plasma. As ex-
plained in Appendix A, the EH action on the metric f
gives rise to quintic vertices scaling as m2FP/(α
3 m3Pl).
We thus expect that, for nonrelativistic DM, 〈σv2〉 ∝
mFP/(α
6m6Pl) = (β1 + 2β2 + β3)
3/(α6m5FP).
Before discussing the solution of the Boltzmann equa-
tions, let us first specify the condition for the dark ther-
malization induced by the number-changing process of
Fig. 2. This process needs to happen before the DM
particles become nonrelativistic. This fact allows one to
establish in which part of the parameter space the DM
abundance can arise from freeze-out of the 3-to-2 process.
As a matter of fact, the comparison of the rate for this
process and the Hubble rate excludes the white region of
Fig. 2 at the top-left corner. There, the 3-to-2 and its
inverse process can hardly thermalize the dark sector or
produce the observed relic abundance of DM. This means
that an extra (nonthermal) production mechanism must
be invoked for the parameter space indicated by the white
region.
We can now estimate the solution of the Boltzmann
equation (23) from the conservation of the density or the
entropy ratio between the two sectors depending on how
DM particles freeze out:
• Relativistic freeze-out: in this case, the energy
density ratio will not change with Universe expan-
sion until freeze-out. According to Eq. (22), we
expect the freeze-out DM abundance to be approx-
imately given by
Yf =
(
45ξ(3)
2pi4
)(
T ′
T
)3
'
(
45ξ(3)η
3
4
2pi4
)(
TRH
mPl
) 9
4
' 0.08
(
TRH
mPl
) 9
4
. (24)
By plugging this result in Eq. (19), the observed
relic density determines the reheating temperature
for a given DM mass.
• Nonrelativistic freeze-out: here, the energy ratio
is not conserved as the DM density undergoes a
Boltzmann suppression before the freeze-out. Nev-
ertheless, because the DM particles self-interact, af-
ter the energy transfer between both sector stops,
their entropy ratio is conserved [14]. When the DM
particles are relativistic, their entropy ratio is given
by s′/s ∼ (ρ′de/ρde)3/4. When they become non-
relativistic, the dark entropy determines the DM
number density via s′ ' mFPnDM/T ′. Thus, at
freeze-out (FO) we expect
Yf ≡ nDM
s
' T
′
FO
mFP
× s
′
s
'
(
T ′FO
mFP
)(
η3g′∗
g∗
) 1
4
(
TRH
mPl
) 9
4
' 0.13
(
T ′FO
mFP
)(
TRH
mPl
) 9
4
. (25)
Notice that there is an undetermined factor in
comparison with the relativistic case: the ratio of
freeze-out temperature of the DM sector T ′FO to
DM mass.
Determining which regime takes place requires one to
know the freeze-out temperature, which can be calcu-
lated from the cross section of the 3-to-2 process [51].
Nevertheless, the numerical result for Yf does not signifi-
cantly differ between both cases because the dependence
on the reheating temperature is the same and the ratio
mFP/T
′
FO generally gets a value of the order of 1–10 for
the parameter region of our interest.
Now by comparing Eqs. (24 and 25) above with
Eq. (20) for the freeze-in mechanism, one can see that
for mFP  TRH  mPl, introducing dark thermalization
leads to an enhanced production of DM particles by a
factor around (mPl/TRH)
3/4. As is known, the reheat-
ing temperature is argued to be bounded from above by
3.2× 1016 r1/4? GeV [54], where r? is the tensor-to-scalar
ratio in the primordial fluctuations. The latter is in turn
constrained to be smaller than 0.12 at 95% C.L. by BI-
CEP2/Keck and Planck data [55]. Therefore, in contrast
to freeze-in, the dark freeze-out scenario allows for DM
masses as low as tens of MeV while satisfying the ob-
served value of DM abundance.
All our results are summarized in Fig. 3. There, the
color gradient shows the required reheating temperature
under the assumption of mFP/T
′
FO ∼ 10 and that the
DM relic density matches the observed value. Note that
mFP/T
′
FO in general varies within a very narrow range,
only mildly modifying the result of Fig. 3. The left gray
region, corresponding to TRH >∼ 1016 GeV, is considered
to be strongly disfavored.
Finally, we would like to remark that, for the param-
eter space of Fig. 3 and according to Eq. (13), the life-
time of the spin-2 DM particle is at least 1050 s, which is
well beyond the detection sensitivity of current indirect
searches of DM.
V. CONCLUSIONS
In this article, using bimetric gravity as a general
framework, we have studied the self-interaction of spin-
2 DM particles, and its possible role in both producing
the observed DM abundance and addressing small-scale
problems. Non-negligible self-interactions arise from re-
quiring suppression of possible modifications of the well-
tested GR predictions. The same requirement simulta-
neously guarantees the stability of the DM candidate, in
agreement with current experimental data from indirect
searches.
Quantitatively, the parameter region of interest corre-
sponds to DM masses at MeV–GeV scale, and to values of
7the Planck-mass ratio, α, well below 10−15 (see Eq. (1)).
This region was previously deemed to be impossible for
successful DM production. This is because, on the one
hand, the corresponding parameter α –which also plays
the role of coupling constant between the DM and SM
fields– is too weak to achieve thermal freeze-out. On the
other hand, because such DM masses are too small to
generate the correct abundance from freeze-in without
violating known experimental constraints, especially the
upper bounds on reheating temperature, gravitational-
waves energy density and large-scale isocurvature per-
turbations, as derived from high-precision cosmological
data.
The essence of this work is to point out that the pres-
ence of DM self-interactions for the parameter region of
our interest leads to the self-thermalization of the dark
sector, which in turn opens up the possibility of another
production mechanism for spin-2 DM: the dark freeze-
out. In this mechanism, the number-changing process
2DM↔ 3DM can significantly enhance the number of
DM particles at an earlier time with respect to freeze-in
of the same total energy, and allow for entropy-conserving
freeze-out within the dark sector at a later time.
We have then solved the dark freeze-out evolution of
such spin-2 DM candidate. Concretely, for each DM mass
from MeV to GeV scale, in Fig. 3 we have shown the
corresponding values of the parameter α as well as of the
reheating temperature that produce the observed relic
abundance. Interestingly, self-scattering cross sections
per mass, σSI/mFP, as large as O(1) cm2/g are still ex-
perimentally allowed. It means that the light DM can-
didate originated from bimetric gravity is also capable
of addressing the long-standing astrophysical puzzles ob-
served in the inner region of dark halos.
At last, we would like to point out that this model of
spin-2 DM is very sensitive to the reheating temperature.
On the one hand, a determination of the reheating tem-
perature by future experimental observations, e.g., by
detecting the ratio of tensor-to-scalar primordial fluctua-
tions, will also determine the DM mass to a large degree.
On the other hand, such a light DM would be strongly
disfavored if the upper bound on TRH is improved by one
or two orders of magnitude.
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Appendix A: Cross section formulae
For calculating the self-interaction cross section, we first determine the quadratic, cubic and quartic terms of the
action in Eq. (1) where δM is involved. At the leading order in α, such terms turn out to be independent of δG. For
the Einstein-Hilbert action of the metric f , we obtain
SEH = m2gα2
∫
d4x
√
−fR(f)→
∫
d4x
(LEH2 + LEH3 + LEH4 + . . .) , (A1)
with
LEH2 = −
1
2
∂αδM
α
β ∂
βtr(δM) +
1
2
∂αδMβµ ∂
βδMαµ − 1
4
∂αδMβµ ∂
αδMβµ +
1
4
∂αtr(δM) ∂αtr(δM) , (A2)
LEH3 =
1
4αmPl
δMαβ
(−2 ∂µδMαν ∂νδMβµ + 2 ∂µδMαν ∂µδMβν − 2 ∂µtr(δM) ∂µδMαβ
+2 ∂αtr(δM) ∂νδM
βν + 2 ∂µtr(δM) ∂αδMβµ − 4 ∂αδMµν ∂µδMβν + ∂αδMµν ∂βδMµν
− ∂αtr(δM) ∂βtr(δM) + 2 ∂νδMµν ∂µδMαβ
)
+
1
2αmPl
tr(δM)LEH2 , (A3)
LEH4 = −
1
4α2m2Pl
δMαβ
(−2δMαµ ∂νδMβρ ∂ρδMµν − δMµν ∂ρδMαβ ∂ρδMµν + δMµν ∂ρδMαµ ∂ρδMβν
−2δMαµ ∂νtr(δM) ∂νδMβµ + 2δMαµ ∂νδMβρ ∂νδMµρ + 2δMαµ ∂βtr(δM) ∂ρδMµρ
+2δMµν ∂ρδM
βρ ∂αδMµν − 4δMµν ∂αδMµρ ∂ρδMβν + 2δMµν ∂αδMβρ ∂ρδMµν
−4δMαµ ∂βδMνρ ∂νδMµρ + 2δMαµ ∂νtr(δM) ∂βδMµν − 2δMµν ∂αδMµρ ∂νδMβρ
+2δMµν ∂
νtr(δM) ∂αδMβµ + δMαµ ∂
βδMνρ ∂
µδMνρ − δMαµ ∂βtr(δM) ∂µtr(δM)
+2δMµν ∂
αδMµρ ∂
βδMνρ − 2δMµν ∂βtr(δM) ∂αδMµν + 2δMαµ ∂ρδMνρ ∂νδMβµ
)
− 1
8α2m2Pl
(
tr(δM)2 + 2tr(δM2)
)LEH2 + 12αmPl tr(δM)LEH3 . (A4)
8where the indices are raised and lowered with the background metric. Similarly, the potential in Eq. (1) gives
Spot = −2m4gα2
∫
d4x
√−gV
(√
g−1f
)
→
∫
d4x
(Lpot2 + Lpot3 + Lpot4 + . . .) , (A5)
with
Lpot2 = −
m2Pl
4
(β1 + 2β2 + β3)
(
tr(δM2)− tr(δM)2) , (A6)
Lpot3 =
mPl
α
((
5β1 + 12β2 + 7β3
24
)
tr(δM3)−
(
2β1 + 5β2 + 3β3
8
)
tr(δM)tr(δM2)
+
(
β1 + 3β2 + 2β3
24
)
tr(δM)3
)
, (A7)
Lpot4 =
1
α2
(
− 1
64
(11β1 + 28β2 + 19β3) tr
(
δM4
)
+
1
48
(8β1 + 21β2 + 15β3) tr
(
δM3
)
tr(δM) (A8)
− 1
32
(2β1 + 6β2 + 5β3) tr
(
δM2
)
tr(δM)2 +
1
64
(4β1 + 11β2 + 8β3) tr
(
δM2
)2
+
1
192
(β1 + 3β2 + 3β3) tr(δM)
4
)
.
Notice that these expressions are independent of δG as well. Finally, we would like to remark that the first term of
Eq. (1) -that is, the Einstein-Hilbert action for the metric g- does not contribute the previous Lagrangians to leading
order in α.
The quadratic and cubic pieces of the action that we obtain agree with those of Ref. [8]. The quartic pieces,
crucial for calculating the self-interaction rates, have not been reported in the literature to the best of our knowledge.
Moreover, we also calculate the quintic terms and find they are proportional to 1/(α3mn+1Pl ), where n = 2 for the EH
piece –always containing two derivatives– as well as n = 0 for the potential piece which has no derivatives.
We have implemented Eqs. (A2–A4) and (A6-A8) in FeynRules [56] in order to derive the corresponding vertices.
Then, we use them to calculate the nonrelativistic self-interaction cross section, and find
σSI =
(β1 + 2β2 + β3)
2
piα4m2FP
F
(
β1 − β3
β1 + 2β2 + β3
)
, with F (r) =
433r4 − 15756r3 + 214524r2 − 1352304r + 3610512
53084160
(A9)
To double-check our results, we decompose the cross section into the contributions associated with different eigen-
values of the total angular momentum J . Introducing r = β1−β3β1+2β2+β3 , we find
σSI =
4∑
J=0
(2J + 1)σJ , (A10)
where
σ0 =
m2FP
(
13r2 − 206r + 548)2
29491200piα4m4Pl
, σ2 =
m2FP
(
2r2 − 51r + 342)2
16588800piα4m4Pl
, σ4 =
m2FP
(
r2 − 22r + 136)2
7372800piα4m4Pl
(A11)
and σ1 = σ3 = 0, as expected from spin statistics.
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